Abstract. The study of superallowed nuclear β decay currently provides the most precise and convincing confirmation of the conservation of the vector current (CVC) and is a key component of the most demanding available test of the unitarity of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, a basic pillar of the Electroweak Standard Model. Experimentally, the Q-value, half-life, and branching ratio for superallowed transitions must be determined with a precision better than 0.1%. This demands metrological techniques be applied to short-lived (~1 s) activities and that strict standards be employed in surveying the body of world data. The status of these fundamental studies is summarized and recent work described.
SUPERALLOWED BETA DECAY
Superallowed 0 + -to-0 + nuclear β decay depends uniquely on the vector part of the weak interaction. Measurement of the ft value for such a transition yields a direct determination of the vector coupling constant, G V , provided that small radiative corrections are properly accounted for. The superallowed transitions whose ft values have been measured with high precision are all between (J π ,T) = (0 + ,1) analog states. For each transition, three measurements are needed, each with a precision better than 0.1%: the half-life of the parent state, and the Q EC -value and branching-ratio for the transition itself. In general, for such transitions G V can be obtained from the measured ft value via the relationship [1] ) 1 ( 2 ) 1 )( 1 ( where f is the statistical rate function, t is the partial half-life for the transition, δ C is the isospin-symmetry-breaking correction, R δ′ and δ NS are components of the transition-dependent part of the radiative correction, and ∆ R is the transition-independent part. Here I have also defined Ft as the "corrected" ft value. The four calculated correction terms
and ∆ R are all of order 1% or less; only two of them, δ NS and δ C , depend on nuclear structure.
If G V is indeed constant, as anticipated by the conserved vector current (CVC) hypothesis, then Eq. (1) [1] , the Ft values for these nine decays do indeed form a consistent set (χ 2 /ν = 0.6), as illustrated in the bottom panel of Fig. 1 , with an average value of 3072.2(8) s, a result that confirms CVC to a precision of 0.026%. With the constancy of G V thus established, its average value can next be used to derive V ud , the up-down element of the Cabibbo-Kobayashi-Maskawa matrix -the matrix that connects the mass eigenstates of the quarks with the weak-interaction eigenstates. Although the electroweak standard model does not prescribe values for the CKM matrix elements, the matrix by its very construction must be unitary, and an experimental test of this requirement constitutes a fundamental test of the standard model itself. If unitarity is not satisfied, then new physics is required; The result obtained from the superallowed results presented in Fig. 1 is V ud = 0.9740 (5) . Not only is this the most precise determination of V ud , it is the most precise result for any element in the CKM matrix. It also leads to the most demanding test available of CKM unitarity. Combining this value of V ud with values for V us and V ub taken from the most recent Particle Data Group survey [2] , we obtain a unitarity sum for the top-row elements of the CKM matrix of:
Strikingly, this test fails by more than two standard deviations, an outcome that has attracted considerable attention.
SHARPENING THE UNITARITY TEST
Many new projects are now underway to check and sharpen this unitarity test. Since V ub is actually too small to contribute significantly to the sum in Eq. (2), attention is focused exclusively on V ud and V us . A new measurement of the K e3 decay has already been reported [3] , from which a value of V us was obtained that would resolve the unitarity problem if all earlier measurements of this quantity were ignored. This outcome, in turn, has prompted other measurements of the same type, which have yet to report a final result. Within a few years, though, these experiments should settle the controversy over V us and may, in themselves, bring Eq. (2) into statistical agreement with unity.
Meanwhile, experimentalists and theorists alike are seeking to improve the precision with which V ud is known. Currently, the uncertainty quoted for V ud is ±0.0005. This is not predominantly experimental in origin. In fact, if experiment were the sole contributor, the uncertainty would be only ±0.0001. The largest contributions to the uncertainty come from ∆ R (±0.0004) and from δ C -δ NS (±0.0003). Clearly, then, the top priority must be to improve ∆ R , a difficult theoretical problem to which experiment cannot contribute. However, the next most important issuethe accuracy of the structure-dependent correction terms, δ C and δ NS -actually can be tested by experiment. A new and fully consistent set of these correction terms has been calculated [4] for a total of twenty superallowed transitions, the nine well-known cases, and eleven more cases accessible to precision experiments. Measurements of nuclear 0 + -to-0 + β decays have become re-invigorated, now with a focus on testing these structure-dependent corrections.
The approach is best explained by the three panels in Fig. 1 , which illustrate the effects of successively adding the correction terms -first the structureindependent one, then the structure-dependent onesto the "raw" ft values. Evidently, in these nine cases, at the current level of precision the structure-dependent corrections act very well to remove the considerable "scatter" that is apparent in the experimental ft values and is effectively absent from the corrected Ft values.
It is important to note that the calculations of δ C and δ NS are based on well-established shell-model wave functions and were further tuned to measured binding energies, charge radii, and coefficients of the isobaric multiplet mass equation [4] . Their origins are completely independent of the superallowed decay data. Thus, the consistency of the corrected Ft values shown in Fig. 1 is already a powerful validation of the calculated corrections used in their derivation. It also suggests several ways that the structure-dependent corrections can be further validated and their uncertainties potentially reduced.
One way, of course, would be to increase the precision of the ft values for the same nine cases illustrated in the figure. Although there are a few good possibilities for improvement, a large amount of highquality data is already incorporated in these nine ft values, so significant improvements overall are unlikely in the near term. A more promising experimental approach to testing the structuredependent corrections is offered by the possibility of increasing the number of precisely measured superallowed emitters. Two series of 0 + nuclei present themselves: the even-Z T z = -1 nuclei between 18 Ne and 42 Ti and the odd-Z, T z = 0 nuclei from 62 Ga to 74 Rb. These are illustrated in Fig. 2 , where their corresponding charge-dependent corrections are also plotted.
The main attraction of these new regions is that the calculated values of the difference (δ C -δ NS ) -the sense in which these terms appear in Eq. (1) -for the superallowed transitions are larger, or show larger variations from nuclide to nuclide, than the values applied to the nine currently well-known transitions. In principle, then, they afford a valuable test of the accuracy of the structure-dependent calculations. It is argued that if the calculations reproduce the experimentally observed variations where they are large, then that must surely verify their reliability for the original nine transitions whose corrections are considerably smaller.
Both new series of emitters present experimental challenges not encountered with the ones previously studied. In the past, precise Q EC values were obtained via direct (p,n) or ( 3 He,t) reactions on the daughter nuclei, which were stable. All new cases have unstable daughters, so precise Q EC values require careful Penning-trap measurements of the masses of both the parent and daughter nuclei. To achieve the required precision on the difference (±500 eV), when at least one of the nuclides has a half-life of less than a second, is no mean task. Branching-ratio measurements are also a greater challenge for these new superallowed emitters. In all but one case, the emitters studied previously have branching ratios of >99.3% to the superallowed transition and could be precisely determined by a much less precise measurement of, or a limit on, the competing transitions, which could then be subtracted from 100%. The new emitters are not nearly so straightforward. Those with T z = -1 feed odd-odd daughters with at least a few 1 + states that are populated by strong Gamow-Teller transitions. For these cases, the branching ratio to the superallowed transition must therefore be measured directly to ~0.1% precision, an unprecedented requirement.
Those emitters with T z = 0 offer a different branching-ratio challenge. Their decays are of higher energy (>9 MeV) and, although their daughters are even-even, their level density is high enough that numerous weak Gamow-Teller branches compete with the superallowed branch. Though the Gamow-Teller strength can be significant, many of the individual branches are unobservably weak [5] . This so-called "Pandemonium" effect [6] can be partially corrected for by careful measurement of weak β-delayed γ rays, but ultimately one must rely on calculation to account for those γ rays that remain undetected.
AN EXAMPLE: THE DECAY OF 22 MG
Experiments designed to study the superallowed decay of 22 Mg -a new T z = -1 emitter -can serve as examples of the type of precision measurements required to test the structure-dependent corrections. The half-life and branching-ratio measurements were made at Texas A&M [7] while the mass measurements for the Q EC value were performed with the Canadian Penning Trap (CPT) spectrometer at Argonne [8] .
At Texas A&M, we produced 3. Mg reaction on an LN 2 -cooled hydrogen gas target. The ejectiles entered the MARS recoil spectrometer where the 23 Na beam was stopped and the fully stripped reaction products were spatially separated from one another, leaving a >99.6% pure 22 Mg beam at the extraction slits in the MARS focal plane. This beam, containing ~10 4 atoms/s at 23A MeV, then exited the vacuum system through a 50-µm-thick Kapton window, passed successively through a 0.3-mm-thick plastic scintillator and a stack of aluminum degraders, finally stopping in the 75-µm-thick aluminized Mylar tape of a tape-transport system. Since the few impurities remaining in the beam had different ranges from 22 Mg, most were not collected on the tape; residual collected impurities were found to be substantially less than 0.1% of the 22 Mg content.
In a typical measurement, we collected 22 Mg on the tape for 5 s, then interrupted the accelerator beam and triggered the tape-transport to move the sample in 180 ms to a shielded counting station 90 cm away. There data were recorded for a predetermined counting period while the beam remained off. The cycle was clock controlled and was repeated continuously. For the branching-ratio measurement, the sample was positioned between a 70% HPGe γ-ray detector and a 1-mm-thick plastic scintillator that was used to detect β + particles. Time-tagged coincidence (or singles) data were stored event by event. For the half-life measurement, the tape moved the collected sample to the center of a 4π gas-flow proportional counter of the "pill box" type [9] . Signals were processed with a dominant non-extendable dead time, and a separate decay spectrum was recorded for each cycle.
The decay scheme of 22 Mg is shown in Fig. 3 . The decay of positrons observed in the proportional counter appears as well, together with the γ spectrum measured in coincidence with positrons in the plastic scintillator. Since the β transition feeding the ground state in 22 Na is second-forbidden unique, it is suppressed by 10 orders of magnitude; so the β-branching ratios to the excited states can be obtained from the relative intensities of the γ rays appearing in the spectrum. Thus, the essence of a precise determination of the superallowed branching ratio is an equally precise measurement of the relative intensities of the 74 and 583 keV γ rays. This required our HPGe detector to be calibrated to ~0.1% precision, a painstaking task accomplished only by detailed measurements of a dozen individual radionuclides and Monte Carlo calculations firmly grounded on the measured geometric properties of the detector [10] . Our final results [7] for the half-life and branching ratio of 22 Mg appear in Fig. 3 . Evidently, what is required and has been developed for these measurements is, in effect, a metrology laboratory that can be applied to short-lived activities. So far, for γ rays, it is unique in the world.
Measurements of the masses of 22 Mg and 22 Na, from which the 22 Mg Q EC value could be determined, were performed with the CPT mass spectrometer [8] . The Na beam on a 7-cm-long cryogenic 3 He gas target. The reaction products passed through a magnetic triplet, a velocity filter, and an Enge magnetic spectrograph, which focused them on the entrance of a He gas catcher system, where they came to rest as ions. With the help of static and RF electric fields, these ions were separated from the helium and channeled through an ion guide to an RF trap where they were accumulated, transferred to a mass-selective Penning trap, and finally transported to the CPT spectrometer itself.
The experiment interleaved measurements of the masses of 22 Mg and 22 Na with calibrations of the field with molecular ions. These measurements were continued over a full week to confirm the stability of the magnetic field. The result thus obtained for the 22 Mg Q EC value agreed well with that from a similar measurement performed simultaneously at another Penning trap spectrometer based at the ISOLDE facility at CERN [11] . It is the average of these two consistent results that is given in Fig. 3 .
STATUS AND CONCLUSIONS
Even with work on these new superallowed emitters only in its infancy, ft values with modest precision (~0.3%) can already be derived for three new superallowed transitions. The results are shown in Fig. 4 Rb -(and the well-known nine) with the theoretical quantity
where Ft is the average value of Ft as extracted, for example, from the lower panel of Fig. 1 . The width of the bands in Fig. 4 represents the estimated error on the theoretical corrections. The comparison in the figure between experiment and theory tests whether the calculated structure-dependent corrections correctly match the observed nucleus-to-nucleus variations in ft values. It can be seen that the agreement is within uncertainties for all three new cases. (The excellent agreement for the other cases has already been noted in the discussion of Fig. 1.) To date, we can conclude that superallowed β decay confirms the expectation of CVC -that the vector coupling constant is unrenormalized in nuclear matter -to a precision of 0.026%. It also provides the most precise value for V ud , the up-down element of the CKM matrix and a key component of the most precise test of CKM unitarity. Because this test remains inconclusive at the 0.1% level, considerable activity in nuclear physics is now focused on sharpening both V ud and the unitarity test, with the goal of reducing uncertainty on the structure-dependent corrections, δ C and δ NS . New results for Q EC values (masses), branching ratios and half-lives are becoming available but more are needed. Very precise measurements with reliable techniques are required, as is careful data evaluation, in order to ensure that the fundamental principles being established are securely founded.
So far, the new measurements continue to confirm the validity of the calculated correction terms. It appears that the nuclear result for V ud remains robust and, if experimental results continue to confirm the applied corrections, its uncertainty will likely be reduced before long. 
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